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MU3BJIEYEHUE JTIUTUA U3 CMOAYMEHOBOIO KOHLLIEHTPATA
METOAOM ABTOKJTABHOI'O BbIWWENTAYUBAHUA
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B HacToAmee BpeMA JUTUI ABIACTCA
OJIHVM V3 CaMbIX BOCTPeOOBaHHBIX B MUpe
METAJIIOB, I 3TO B IIEPBYI0 OYepefib CBA-
3aHO C «3€JICHOV 9HEPTeTUKOI», TIOCKOTIb-
Ky Hauboree OBICTPO pacTyias 061acTh
ero MpUMEHEHNs - 9TO INTUIICOTepsKalye
aKKyMY/IATOPBI, XOTs Y AaHHOTO MeTaslla
VIMEETCsI ¥ MHOXKECTBO APYIMX obOacTeit
npuMeHeHus [1-4].

[7TaBHBIMU MCTOYHUKAMIU JIUTUS SIBJIS-
I0TCA TPAaHUTHBIE IIETMATUTBI, COIepIKalye
NUTVEBble MIHEpanbl (CIIOyMEeH, TeNi0-
JINT, TIETAJIUT U JP.), Paccossl (camapsl) u
TUPOMIHEpabHOe ChIpbe [5-7]. Poccua
o0/majjaeT 3HAYNTETbHBIMM 3aIllacaMy JIV-
TV U 110 VIX KOJINYECTBY 3aHMMAET OJHO U3
Beyx MecT B Mupe. Ognako 6omee 70 %
ee 6a/TaHCOBBIX 3aIIaCOB JINTHUA CBA3AHBI C
MUHEpPAJIbHBIM CBIpbeM. [JIaBHBIM JIUTUI-
COfiepKalllIM MVHEPATIOM ABJAETCSA CIO-
mymeH LiAl[Si,Oq4] [7-9].

CregyeT OTMETUTD, YTO BCe MUHEPAJIH,
cofiep)Kalyie JINTHIL, XapaKTepU3YITCs
HU3KUM COfiep)KaHMeM IIEHHOTO KOMIIO-
Henra (0,25-3,0 %; vame 1,0-1,5 %), 4TO
BbI3bIBA€T HEOOXOAMMOCTb  IIpefBapMu-
TENIBHOTO OOOTAIEeHNUS JTUTUEBOTO CHIPbSI.
B pesymprare mONTYy4arOT KOHIIEHTPATHI
MIHEPAJIOB JINTUS, B KOTOPBIX COfepKa-
HIe IIEHHOTO KOMIIOHEHTa B HECKOJIbKO
pas 0ojIbllle, YeM B YiCTOM MuHeparne. s
U3BJIEYEHNA JIUTYA U3 KOHLIEHTPATOB MO-
JKET OBITh MCIIONMH30BAHO OOJBIIOE YMCIIO
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M3BECTHBIX CHOCO0OOB: CEPHO-KVCIOTHBIX,
U3BECTKOBBIX, CY/IbGaTHBIX U Ap. [4,10]

OpHMM U3 aNbTepHAaTMBHBIX METOMIOB
M3BJIEYEHNs [IEHHOIO KOMIIOHEHTA U3 M-
HEePaJIbHOTO ChIPbsI SIBJISIETCS METOJ, aBTO-
K/JIABHOTO  BBIIIE€IAYMBAHNS, IIO3BOJIAIO-
NI M3BJIEKATh IUTUIL B BUJE TUIPOKCUTA
[12-13]. JJaHHBIII MeTOf, XapaKTepu3yeTcs
JIOCTaTOYHOI IPOCTOTOM, a TaK)Xe 3HaA4M-
TEJIbHO MEHBIINM KOJIMYECTBOM CTafuil
IPOM3BOJCTBA, B CPABHEHUN C CEPHOKNC-
JIOTHBIM METO/[OM.

Ilenpro pmaHHBIX MCCIETOBAHUI SIBIS-
JIOCh TIIPpOBE€NEHVIE TECTOBBIX WMCIIBITAHUI
II0 aBTOKJIAaBHOMY BbIIIE/IAYMIBAHIIO CIIO-
JIYMEHOBOTO KOHIIEHTpaTa 3aBUTMHCKOTO
MECTOPOXXZIEHUSI C CONep)KaHUeM JIATUS
1,42 % (mmm 3,0 % B mepecyere Ha Li,0).

I[Tepen mpoBeneHneM paboT IO BCKPHI-
TII0 00Pa3LIbl CIIOLYMEHOBOTO KOHIIEHTpa-
Ta OOXWUTra/mich B MyQeIbHON Ieuu Ipu
temneparype 1100 °C B Teyenme 1 yaca.
JlaHHBIT Tpollecc HEOOXORMM IS Iepe-
XOZla a-CrofyMeHa B [3-MopuduKanmio, u3
KOTOPOJ LIEHHBIV KOMIIOHEHT JIeT4e M3BJIe-
KaeTcs [4, 10]. O60>K)KeHHbII KOHI[eHTpaT
3aTeM M3MeJIbYasICs Ha IVIAHETAPHOI Melb-
Hune Fritsch Pulverisette o 1 Mxm.

ABTOK/TaBHOE  BBILIE/IAYMBAHNE IIPO-
BOJWIM B HAaCTONIBHOM MUHUPEAKTOpe Ce-
pvn 5500 ¢upmbr Parr (CIIIA), xoropsiit
pefcTaB/sieT co60il aBTOK/IAB, €MKOCTHIO



300 M, ¢ MeTa/JIM4YeCKOV JIOIACTHOW Me-
LIAJIKOV, C JATYMKOM TeMIIEpaTypbl ¥ MAHO-
MeTpOM, Wi (UKCAlMy JaB/IeHUs BHYTPU
peakropa.

VictibiTanusa TPOBOAVIN CTIEAYIOLIVM
00pa3oM: B aBTOK/IaB IOMEIIAINCh HaBe-
CKa 000XV KEHHOTO CIIOYMEHOBOTO KOH-
L[eHTpaTa M BBIIe/TAYMBAIOIINIT PACTBOP.
OTcyeT BpeMeHM peaKIuy HadMHACA I0-
Clle TOCTVDKEHMSI HeOOXOMMBIX TeMIlepa-
Typbl U faBieHus. IlomydeHHas peakiu-
OHHasl CMeCh IIpefCTaB/IsIa co60I TYCTyI0
Maccy, KOTOPYIO OfIBepranu PUIbTPaIuL.
B monyyeHHOM ¢ubTpare ompepeneHue
COfiep>KaHMUs IUTUS BBIIIO/HAMN HA C/IeNy-
IOLIUX CIIEKTPOMETPAX: aTOMHO-abcopO1I-
onnoM ICE 3300 (CIIIA) u sMUCCMOHHOM
C MHAYKTMBHO-CBsA3aHHOM Imasmoii ICAP
7400 Duo (CIIIA).

B kayecTBe BbIle/TauMBAIOIMX peareH-
TOB JCIIONIb30Ba/NIM COMO-IIEJIOYHON pac-
TBOP, U3BECTb U IUAPOKCUT] HATPUA:

ABTOKNaBHOe U3BJsie4YeHne
coao-uwesioyHbiM pacTtBOpPOM
Ina mpoBefeHMA MCCIENOBAHMIA JC-

HO/Tb30Ba/M pacTBop obbvemom 100 mi,
IPUTOTOB/IEHHBINI  IIyT€M COBMECTHOTO
pacTBOpeHusA TUAPOKCHU/IA HATPUA UM Kap-
6onara Harpus (macca Na,CO; cocras-
nana 10 ., NaOH - 21 1, ¢ copgepxanueM
Na,O = 220 r/n). HaBecka 000>x>KeHHOTO
CIIOlyMEHOBOTO KOHIIEHTpaTa COCTaBJIA-
na 10 r. BolenaynpaHye BBIIOTHAIN IIPU
temneparype 220 °C (pnaBieHMe cOCTaB-
nsimo 20 aT™.) ¢ MHTEHCUMBHOCTBIO TIepeMe-
myBaHKA 350 06/MUH B TedeHMe 4 4acoB.
YcnoBus mposefieHNsA MCIBITAaHUI aHA/Io-
TMYHBI NpUBeeHHbIM B cTarbe [11]. [lo-
CTUTHYTas CTeleHb M3BJI€YEHUSA COCTaB-
nset 20 %. Ha ocHoBaHMM maHHOTO dpaxTa
ObUI cfielmaH BBIBOJ O Hea(deKTMBHOCTH
JIAHHOTO CIIOCO6a BBIIe/Ia4/BAHIA.

Tabnuua 1 — Pe3yanaTb| BbillesiaymnBaHmna cnogyMeHoBOro KOHUeHTpaTa nise-
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1 4 220 10 12 1,0:1,20 51 75
2 4 220 10 10 1,0:1,00 51 84
3 4 220 10 8 1,0:0,80 51 42
4 4 220 20 15 1,0:0,75 41 34
5 4 220 20 17 1,0:0,85 4:1 58
6 4 220 20 20 1,0:1,0 4:1 51
7 6 230 20 15 1,0:0,75 41 39
8 6 230 20 20 1,0:1,0 4:1 36
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Ta6bnuua 2 — Pe3ynbTtaThbl BbllWweavynMBaHUsA CNOgYMEHOBOIO KOHLLEHTpaTa usBe-

CTbIO PACTBOPOM MMApPOKCUAA HaTpUSA
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1 4 20 15 1,0:0,75 50 0,14 32,5
2 4 20 15 1,0:0,75 100 0,14 76,3
3 4 20 15 1,0:0,75 150 0,14 85,4
4 4 20 17 1,0:0,85 80 0,15 351
5 4 20 17 1,0:0,85 100 0,15 91,7
6 4 20 17 1,0:0,85 120 0,15 93,0
7 4 20 20 1,0:1,0 80 0,16 38,0
8 4 20 20 1,0:1,0 100 0,16 921
9 4 20 20 1,0:1,0 120 0,16 96,4
10 4 20 20 1,0:1,0 150 0,16 97,6
ABTOKJ/1aBHOE U3BJIeYeHue Ha ocnoBannm IIpUBENEHHDbIX BbIIIE
U3BECTbIO OAHHbBIX, MOKHO CIie/IaTh BBIBOJI, YTO aBTO-
I/ pOBeeHNs MCIBITAHMIT UCTIONb-  K/IABHOE BbIIETAYMBAHME CIIOJ[YMEHOBOIO
30Bajach  IOPOLIKOOOpasHasg u3BecTh KOHICHTpAaTa adexTUBHEE NPOBOMUTD C

npoussoacTBa AO «XM3» ¢ aKTMBHOCTBIO
He MeHee 90 %. B aBTOK/IaB moMelasach
HaBeCKa OO0V KEHHOTO CIIOLYMEHOBOI'O
KOHILIeHTpaTa, Maccoit 10 1, jobaBisiach
HaBecka usBectu (12, 10 u 8 r), moce yero
IpUINBanach [AUCTU/UIMPOBAaHHAsA BOJa
o6bemom 100 mn (TK = 1:5). YcnoBus
IpOBefieHNA SKCIIepUMeHTa aHaJOTMYHbI
ONMCAaHHBIM Bbllle. PesynbraThl ucHbITaA-
HUJI aBTOKJIABHOTO BBIIIeTa4MBaHMS U3Be-
cTbio ipuBepensl B Tabmuue 1 (/1 1-3).
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uCnonb3oBanueM nssecTu. CreneHb usBbJe-
yeHMs gocTuraeT 6omee 80 % mpum Macco-
BOM COOTHOIIEHMM KOHIIEHTPAT : U3BECTb
= 1:1. OgHako, O/ly4eHHbIe B pe3y/lbTaTe
VICIIBITAaHUJ PAcTBOPbI TUAPOKCHJA IUTUA
MIMEIOT HM3KYI0 KOHIleHTpanuio (MeHee 10
r/n). I1pu ymenbuiennn cootHomeHws JK: T
1o 4, CTeNeHb U3B/IEYEHNA TUTUA CHIDKA-
eTcs 10 57 % u MeHblIIe, a yBEIMYEHNE TEM-
IIepaTyphl ¥ BPEMEHM NIPOLECCa HEe OKa3bl-
BAIOT CYIIECTBEHHOI'O B/IMAHNA HA CTEIIEHDb
usBnevenns (Tabmmma 1).



ABTOKNaBHOe U3BJsieYeHUe

pacTBOPOM rMAapoKCcUAa HaTpus

Bpinlo/iHeHMe  aBTOK/IABHOTO  BBIIIje-
Na4MBaHUs B IPUCYTCTBUM pacTBOpa
TMAPOKCYUJA HATpus, IPOBOAWIN B aHa-
JIOTMYHBIX paHee OIMCAHHBIM YC/IOBUSAX
(OK:T = 4:1, Temneparypa - 220 °C, BpeMs
peakuyy 4 yaca). B peakrop pmobaBmsim
pacTBOp TMAPOKCHZA HATPUS PA3TUIHON
KOHIIeHTpauuy. Pe3ynbTaTbl 9KCIIepMMeH-
TOB IpuBefieHbl B Tabnuiie 2.

Kax BMIHO M3 IpefCcTaBIeHHbIX BbIIIE
[aHHBIX BbINOJIHEHVE BBII[e/TAYMBAHI
000XCKEHHOTO  CITOAYMEHOBOTO KOHI[eH-
TpaTa M3BECTHIO B IPUCYTCTBUM PacTBOpa
TUPOKCUAIAa HaTpusA Hanbonee spdexTus-
HO. CreneHb M3B/IeYeHNs IUTVSL JOCTUTAET
6omnee 90 %.

B pesymprate mIpOBefjeHHBIX 9KCIIe-
PVIMEHTAJIBHBIX PabOT YCTAHOBJIEHO, YTO
BCKPBITVIE CIIOAYMEHOBOTO KOHIJeHTpara
METOJJOM aBTOK/IABHOTO BBIIIe/TAuyMBaHNA
BO3MOXXHO. Hamnbomnee nepcrieKTMBHBIM
JUISL TIPOBeNeHNsA MAaTbHENIINX VCCIeNo-
BaHUII SBJIAETCS IIPOBEJieHMe Ipoliecca B
IPUCYTCTBUYM PAacTBOpa TIMAPOKCHUAA Ha-
Tpus. MakcuManbHOe M3BJI€YEHVE JTATUA
13 000XOKEHHOTO CIIOYMEHOBOTO KOH-
IleHTpaTa IPOVCXOAUT IIPYU WU3BJICYEHNUN
PacTBOPOM TU/IPOKCH/IA HATPUS C KOHIIEH-
Tpauueit He MmeHee 100 /1.
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Since «green energy» trends become
priority active development of lithium
batteries is stimulated. This and other
areas of lithium application justify its high
demand in the world [1-4].

Hardrock pegmatites (spodumene,
lepidolite, petalite etc.), salar brines and
underground waters are the main sources
of lithium [5-7]. Russian Federation
holds one of the leading places having
considerable lithium reserves. However,
over 70 % of the reserves are associated
with mineral resources. Among these
resources spodumene LiAl[Si,O4] is the
most abundant lithium mineral [7-9].

It worth noting that all lithium minerals
are characterized with low target element
content (0.25-3.0 %, 1.0-1.5 % in average).
This causes the need of raw materials
beneficiation to produce ore concentrates
with lithium content several times greater.
Lithium can be extracted from mineral
concentrates by several ways: sulfuric acid
leaching process, lime or sulfates sintering
etc. [4,10]

Hydrothermal leaching is one of the
alternative methods to extract lithium
in the form of hydroxide [12-13]. This
method is relatively simple and has fewer
stages compared to sulfuric acid extraction
process.

Our research is focused on trial autoclave
leaching of spodumene concentrate from
Zavita deposits (1.42% lithium or 3.0% Li,O).

All samples were calcined in the muftle
furnace at 1100 °C within 1 hour before
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hydrothermal treatment. This stage was
crucial for a-spodumene transformation
into b-form from which lithium is
much easier extracted [4, 10]. Calcined
concentrate was ground to -1 mm by ball
milling (Fritsch Pulverisette).

Parr 5500 minireactor (USA) with
300 mL volume, equipped with mechanical
stirrer, pressure gauge and thermosensor
was used for autoclave leaching.

All trial runs were done according to the
same procedure: weighted concentrate was
placed into autoclave filled with leaching
solution. Reaction time countdown started
at the moment of temperature and pressure
rise to the target values. Produced thick
reaction mixtures was filtered and screened
for lithium content using atomic absorption
(ICE 3300, USA) and atomic emission with
inductively coupled plasma (ICAP 7400
Duo, USA) spectrometers.

Caustic soda and soda ash, lime and
lime-caustic soda mixtures were used as the
leaching solutions.

Hydrothermal treatment by caustic
soda and soda ash 100 mL of Leaching
solution prepared from soda ash and caustic
soda (Na,CO; 10 g, NaOH - 21 g, total
Na,O = 220 g/L) and 10 g of spodumene
concentrate were placed into reactor.
Leaching proceeded at 220 °C and 20 bar
pressure with agitation at 350 rpm during
4 hours. These conditions were similar to
the published by previous researchers [11].
Achieved 20 % extraction rate demonstrate
low efficiency of this leaching method.



Table 1 — Aggregated data for hydrothermal lime leaching experiments
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1 4 220 10 12 1,0:1,20 5:1 75
2 4 220 10 10 1,0:1,00 5:1 84
3 4 220 10 8 1,0:0,80 5:1 42
4 4 220 20 15 1,0:0,75 4:1 34
5 4 220 20 17 1,0: 0,85 4:1 58
6 4 220 20 20 1,0:1,0 4 51
7 6 230 20 15 1,0:0,75 4:1 39
8 6 230 20 20 1,0:1,0 41 36
Table 2 — Aggregated data for hydrothermal caustic
soda-lime mixture leaching experiments
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1 4 20 15 1,0:0,75 50 0,14 32,5
2 4 20 15 1,0:0,75 100 0,14 76,3
3 4 20 15 1,0:0,75 150 0,14 85,4
4 4 20 17 1,0:0,85 80 0,15 35,1
5 4 20 17 1,0:0,85 100 0,15 91,7
6 4 20 17 1,0:0,85 120 0,15 93,0
7 4 20 20 1,0 :1,0 80 0,16 38,0
8 4 20 20 1,0:1,0 100 0,16 92,1
9 4 20 20 1,0 :1,0 120 0,16 96,4
10 4 20 20 1,0:1,0 150 0,16 976
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Hydrothermal treatment by lime
slurry

Ground quicklime (JSC «CMP», 90 %
activity) was used in tests. 10 Grams of
calcined spodumene concentrate was placed
into reactor along with varied quicklime
weights (12, 10, and 8 g), 100 mL distilled
water was added to achieve liquid to solid
ratio 5:1. Other reaction conditions are
identical to previous experiments. Results
of leaching experiments are provided in
Table 1 (runs 1-3).

According to the experiment results
it is evident, that hydrothermal leaching
with lime slurry is effective. Typical
extraction rates are greater than 80 % at
concentrate : lime ratio = 1:1. Lithium
hydroxide solutions acquired after this
treatment have low concentrations (less
than 10 g/L). Runs with liquid to solid ratio
to 4 had extraction rates lowered to 57 %
and less without detectable effects of raised
temperature or experiment time (Table 1).

Hydrothermal treatment with
caustic soda

Autoclave leaching with sodium
hydroxide was studied at conditions
similar to previous leaching experiments
(L:S = 4:1, temperature — 220 °C, reaction
time 4 hours). Leaching reactor was filled
with varied sodium hydroxide content.
Experiments data provided in Table 2.

It can be deduced from these results
that treatment of calcined spodumene
concentrate with mixtures of caustic soda
and lime is the most efficient approach with
extraction rate exceeding 90 %.

It was shown in the set of trial
experiments that spodumene concentrate
can be effectively leached by alkaline
hydrothermal treatment. The process
utilizing sodium hydroxide remains the
most perspective one. Maximum achieved
lithium extraction rates were met at NaOH
concentrations not less than 100 g/L.
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